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ABSTRACT

To provide a means of impact acceptance testing of specimens which
must be obtained from thin or small diameter sections, a study was made,
using various specimen sizes, of the Charpy V notch impact properties of
steels over a range of temperatures encompassing transitions from ductile
to brittle behavior.

The test data tend to verify a previously established nonlinear cor-
relation between selected subsizes above the transition range and further
indicate a linear correlation between the energy required to fracture
standard-size end subsize V notch Charpy specimens at the normal acceptance
testing temperature of -40°C.

Further engineering data, needed to incorporate requirements in a
specification, are currently being obtained.
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INTRODUCTION

With the advent of thin-walled cylinders for rockets and tubes, it has
become necessary to provide a means of impact testing materials from such
sections for Ordnance acceptance purposes. Because it is not possible to
obtain standard-size Charpy impact specimens from thin sections, a correls-
Lion between the energies to fracture standard a,.4 subsize Charpy V notch
impact specimens needs to be established. It is the purpose of this report
to develop a correlation between selected subsize and standard-size Charpy
V notch impact specimens.

A previous investigation on size relationships in the impact test by
Curll and Orner' developed a nonlinear correlation based upon data taken
from above the transition zone. The current investigation tends to verify
the previous relationship obtained.

This report describes the materials used, the experimental work done,
and illustrates the graphs developed. It further develops an analytical
correlation (using a reference to the Law of Similitude by Sachs 1 and the
reduction of deformation) between the energy to frac';ure the standard and
aubsize Charpy V notch impact specimens.

MATERIALS

The following materials were used in this investigation:

1. AISI-2340 Modified Steel 4. AISI-4140 Steel

2. AISI-3140 Modified Steel 5. Class 90 Steel

3. AISI-4042 Modified Steel 6. Nickel Steel

CHEMICAL ANALYSES (M by Weight)

No. Material C Mn SI S P Ni Cr No V Cu

1 2340 .43 .78 .24 - 1 78 .07 Trace

2 3140 .44 1.11 .21 - 2.56 .96 Trace

3 4042 .44 .73 .19 - - Trace .03 .33

4 4140 .38- .40- .20- .04 .04 .80- .15-
.43 .60 .35 1.10 .25

5 Class 90 .17 .33 .23 .03 .04 2.13 .97 .22 .03 .057

6 Ni Steel .14 .50 .23 .04 .017 3.30

10fg: 1. Dash seans analysis not made.
2. Chemical analyses for materials in Pfgures 9, 3, and E say be found

in Reference J.

The three steels designated "modifiedw were made in thirty-pound ingots
in the Watertown Arsenal Laboratories melt laboratory. The modifications
were made on the Ni, Cr, and Mo Contents.
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The AISI-4'40 steel was received as 5/8-inch-square rod. The class 90
steel was received as 5/8-inch-thick plate. The data on the nickel steel
were obtained from a different investigation.8 The three modified steels
were obtainod as ingots and homogenized at 2150°F for four hours. The
AISI-3140 was air-cooled and normalized at 1600OF for four hours while the
AISI-2340 and 4042 were furnace-cooled and homogenized at 1650'F for four
hours to permit easier removal of the riser. The as-cast billets were hot-
worked at 2000'F to the following schedule:

1. Heated for two hours.

2. Forged on 200-ton press to •-5/8-inch-square bar in two reductions.

3. Hot rolled to 1/2" x 2-3/4" bar stock in two reductions.

4. Air cooled.

The materials received the following heat treatments:

1. AISI-2340

Nomlz 60F 2 hrs. Air CoolI
Reheat 1475OF 2 hrs. Agitated Oil Quench
Draw 1200OF 2 hrs. Oil Quench

2. AISI- 3140

Normalize 1600°F 2 hrs. Air CoolI
Reheat 1525°F 2 hrs. Agitated Oil Quench
Draw 1100°F 2 hbrI. Oil Quench
Redraw 12000 F 2 hrs. Oil Quench

3. AISI-4042

Normalize 1600°F 2 hrs. Air Cool
Reheat 1550°F 2 hrs. Agitated Oil Quench
Draw 1000OF 2 hrs. Oil Quench

4. AISI-4140

Normalize j 1600°F 1 hr. Air Cool
Reheat 15500 F -hr. Oil Quench
Draw J 1000°F % hr. Oil Quench

The class 90steel was used in the as-received -condition (quenched and
tempered), but the heat treat was not available. The-materials had the
followinj Rockwell hardness:
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1. AISI- 2340 99
2.' AISI-3140 26.2
3. AISI-4042 33.8
4. AISI-4140 38.3
5. Class 90 Steel 22.7
6. Nickel Steel 82

The various specimen sizes (Figure 1) used in this investigation were
selected as a result of the previous report by the author (Reference 1) with
additional sizes to verify the theory presented in this report.- The speci-
mens of AISI-4140 were longitudinal and all others were transverse. The
nickel steel data obtained from another investigation (Reference 3) add to
the verification by use of a double-size specimen.

TEST PROCEDURE

V notched Charpy bars in various sizes, ranging from double size to
one-quarter size (cross-sectional area measurement)(Figure 1), were tested
over a range of temperatures encompassing their transitions from ductile to
brittle behavior. All specimens were braken in a conventional manner on a
Sonntag impact testing machine (capacity 240 ft-lb; pendulum velocity 16.8
it/sec).' Special anvils and shims were provided to maintain the point of
impact at the center of percussion of the pendulum when nonstandard speci-
mena were tested.- For the shorter-length specimens, the anvil span was
shortened to a distance of 0.787" from the normal span of 1.574". There is
one exception to the above technique.- The data for-the double-width, half-
depth specimen of the nickel steel were obtained from Reference 3.'

TEST RESULTS AND DISCUSSIONS

Tables I through VI list testing temperatures, averaged energies absorbed
(generally three at each temperature with one to two tests at extremely low
temperatures), and percentages of fibrosity in the fractured faces.' The
energy versus temperature data are presented graphically in Figures 2 through
10. The graphs of Figures 2, 3, and 4 were taken from a previous report.1-

In order to verify the previously established correlation, the data from
the curves of Figures 5 through 9 (taken at their respective transition tem-
peratures* as indicated in the tables) were plotted on the established cor-
relation curves (Figure 11) and gave the following results:

L.' 1/2 Size.

An average error of 0.62 ft-lb with a single maximum error of
1.75 ft-lb.ý

Ofas.ition te.e rature. is defined as the lotwst tesperattre at which the s0secsen breaks
with a .-1OOS.f 4robs fractswe.
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2. 1/3 Size:

An average error of 0.52 ft-lb with a single maximum error of
1.25 ft-lb.

3. 1/4 Size:

An average error of 0.50 ft-lb with a single maximum error of
1.25 ft-lb.

Although these results tend to verify the correlation, the actual use
of the relationship is limited to the 100% fibrous zone of the standard
size specimens which has a minimal value as an acceptance test.,

Since the objective was td obtain a correlation using only one param-
eter, an investigation was made to explain the phenomena in physical terms.-
Figure 12 is a macrophoto of the plastic deformation in a Charpy V notch
impact specimen., The specimen was subjected to a 30 ft-lb blow in impact
and then heat-treated to bring out the grain growth due to plastic deforma-
tion. The photo shows that a certain amount of energy will be absorbed in
the plastic deformation of a specimen prior to crack initiation and propaga-
tion. It is also evident that additional energy will be required to frac-
ture the specimen; this energy has .been designated as the rupture energy.-
Although this rupture energy is not specifically defined,, it is known that
this energy will consist of some plastic deformation - especially during
crack propagation.- That is, as the crack progresses, there will be some
deformation just below the surface both preceding the crack extension and
parallel to the crack. This energy is very nearly proportional to the crack
area, while the deformation energy is related to the volume. By using this
theory of total energy for fracture being composed of deformation and rup-
ture energy (E. - Ed + Er) coupled with the Law of Similitude,* an explanation
of the physical phenomena of the Charpy relationship may be made.- As the
specimen size is reduced, the volume of deformation will be reduced, however,

the deformation reduction is dependent upon the dimension reduced. That is,
if the depth dimension is reduced, the volume of deformation will be reduced
by the square of the depth dimension; but if the width dimension is reduced,
the volume of deformation will be reduced in direct proportion. Further,
if the material is so notch sensitive that negligible deformation will
result, then the energies of the specimens will again be directly propor-
tional to their sizes.

To verify the foregoing, a mathematic'al approach was made:

Let E, - Total. Energy of Fracture

Er - Energy of -Rupture

Ed - Energy of Deformation

then E, - Er + Ed

of I'M' e t he 0 bc ' c 0re" 'r" erth e

at if",~o~n tut050 'l otht (Ieeec )
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and by Law of Simi1itude:,

For '/2-slze spelth:(Figure 1) E., 1/2 Er + 114 Ed

l/ -13size specimen~s E. - 1/3 Er + 1/9 Ed

S1/4ý.size spedime•r: E 1 1/4 Er + 1/8 Ed

'• Th data (taken at -409%). from the curves of Figures 2, 3, and 4 and

used in the ahye; simul. , eous equations produced a rupture energy (Er) of
21.6 ft-lb for ductile materials and a rupture energy-(Er) of 12.0 ft-lb
for brittle materials. The data taken (at -400C) from the curves of Fig-
ures 5 through 10 and used in the above simultaneous equations yielded

reasonably satisfactory results.- By plotting the data obtained from the
above curves, a graphical solution may be obtained which is in agreement
with the previous simultaneous solution. The difference in the reduction
of the volume of deformation is a measure of the degree of slope change.
As would be expected, the brittle materials have a zero slope.

By using the curves in Figure 13, an equation for the solution of the
energy of the subsize specimen may be developed based upon the energy of
rupture (designated by K in Figure 13), the energy of deformation (tangent
of the angle equal to the slope), and the specimen dimensions.

V/ - Energy per unit area of full size bar

eA'% Energy per unit area of subsize bara

A.- Cross-sectional area of full size bar
under notch

a z Cross-sectional area of subsize bar
under notch

D = Depth under notch of full size bar

d = Depth under notch of subsize bar

K - Energy of rupture - Er

Since tan a = V-K and
D

A.e'-- K
tan a . a thend

A.
i.'-K eA K

- d which resolve& to
D d

td~dl

[K \U JJ~lI

S.......,e,, m Il-,. ),.., i 7iiiiilIl l lIII ll llIIII!i



the equation of energy for the subsize bar in terms of rupture (K) and
energy of deformation based upon the ratios of crosa-sectional area and
depths of the standard size bars to the subsize bars. Table VII shows the
agreement of the theoretical with the experimental results., As would be
expected the notch-sensitive materials do not show any energy of deforma-
tion.-

The material AISI-4140, which appears to be a ductile material accord-
ing to the hardness results, fits the correlation much better when used
with a K value of 12 in the solution of the equation based upon the data
taken from the table.' This is attributed to the fact that a transverse
specimen would be in the brittle range and have a full-size energy of
fracture at -40 0 C of approximately 13 ft-lb.

Although Table VII is based upon data taken from the curves of Fig-
ures 2 through 10, the same theoretical and experimental comparison was
made for data taken directly from the tables with equally good results.-

CONCLUSIONS

The results of this investigation indicate the following:

1. A reasonable corroboration of the empirical correlation developed
in the previous report (Reference 1).-

2." A linear correlation has been shown to exist, for the materials
investigated, between the Charpy impact energy values for standard and
selected subsize V notch specimens at an acceptance temperature of -40°,
and an equation has been developed for calculating the energy of the sub-
size bar desired.

3.- There is a physical relationship for the correlation between the
specimen sizes based upon the energy of rupture and the energy of deforma-
tion for the materials investigated at the acceptance test temperature of
-40 0 C.
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TABLE I

AtVERAGEWD IMPACT DATA - AISI-2340 MODIFIED - TRANSVERSE

TEMP. F.S._1 1/2 S 1/3 S 1/4 S 1/2 S 1/3 SENEGY reos
(00C (tl,)CONTENT E F E F E F E F E F

Ft lb) M

R.T. 39.7 100 15.2 100 8.7 100 8.9 100

0 39.2 100 8.1 100

- 10 38.3 95 8.5 100

- 20 34.8 95 14.6 100 8.2 100 8.2 100
- 30 34.6 95 14.9 95
- 40 29.8 80 13.5 95 8.0 95 7.6 95 16.5 95 9.8 95

- gO 22.8 35 12.8 70 7.2 80 6.7 75

- 80 15.2 20 9.7 45 6.4 65 5.8 50

-100 14.5 10 8.5 30 5.2 30

-120 6.0 0 7.0 15 5.0 40 4.0 20

-155 5.0 0 5.0 10 4.0 20 3.0 10

-196 3.5 0 1.2 5 1.8 5 1.1 5

*Average of fhree Data Points

fransition femperature x 00C

TABLE II I

AVERAGED* IMPACT DATA - AISI-3140 MODIFIED - TRANSVERSE

TEV', F.S. 1/2 S 1/3 S 1/4 S 1/2 SD 1/3 S- .
FIBROUS

CEC)ONTENT E F E F E F E F E F(-0 (- -(-)- -

R.T. 31.8 100 12.6 100 8.0 100 7.3 100 9.1 100

- 40 29.8 100 12.8 100 7.2 100 6.8 100 15.6 100 8.0 100

- 50 26.8 90 7.1 100 6.1 100

- 60 24.0 65 10.5 95 6.8 100 5.7 95 7.5 100

- 70 9.7 60 7.0 95 5.4 80 7.4 95

- 80 19.5 40 9.3 55 6.2 75 5.3 60 6.3 55

-100 13,8 20 7.8 30 5.3 40 4.5 40 5.4 30

-120 13.2 10 6.8 20 5.0 35 4.0 25 4.1 20

-155 13.0 5 5.6 10 4.0 15 3.1 15 3.9 10

-196 7.4 5 4.8 •5 3.7 5 2.4 10 3.2 5

0 33.2 100' 12.6 100 _

"*Avirage of thre Data Points

franston tfeperature * -4WOO
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TABLE III

AVERAGED* IMPACT DATA - AISI-4042 MODIFIED - TRANSVERSE

TEMP. F.S. 1/2 S 1/3 S 1/4 S 1/2 S D 1/3 SD
FIBROUS

(00C ENERGY CONTENT E F E F E F E F E F(Ft-Lb)' (%•)

80 27.6 85 9.8 100 7.6 100 6.1 100 18.2 100 10.6 100

70 22.2 75 6.5 100
60 20.9 100 11.2 100 6.8 95 5.8 95 13.5 100 8.5 100
50 9.8 85 5.3 90 14.6 75

R.T. 17.0 70 9.1 40 6.2 70 4.9 60 9.5 60 10.0 75
0 15.0 10 7.8 25 5.3 40 4.1 30 6.8 20 4.8 20

-20 8.0 5 5.8 15 5.0 40 3.9 25 6.0 5 4.0 15
-40 10.8 5 6.5 15 4.4 30 3.5 25 5.5 5 4.0 10

-60 3.9 5 4.1 -25 2.8 15 3.2 0 3.2 0
-00 4.0 0 3.5 5 2.8 5 3.0 0 3.0 0

*Average of fhres Data Points

transition lexperature * +100o0

TABLE IVJ AVERAGED IMPACT DATA- AISI-4140 - LONGITUDINAL

TEMP. F.S. 1/2 S 1/3S 1/4 S 1/2 Si 1/3

(dC) ENERGY FIBROUS
(Ft-Ib) CONTENT E F E F E F E F E F

R.T. 42.1 100 13.1 100 7.3 100 6.8- 100 23.4 100 15.7 100
" 10 33.8 100 14.2 100 0.8 100 6.7 100

20 36.3 100 12.4 100 7.5 100 6.4 100
- 40 34.6 95 11.8 100 6.6 100 6.2 100 20.9 100 12.0 100

- 60 27.3 70 10.8 70 7.0 100 5.3 85 17.8 9S 13.0 100
80 20.4 35 8.2 45 5.0 60 4.9 75 9.2 60 8.8 75

-100 15.6 20 7.2 25 4.8 35 4.0 50 6.3 35 5.2 45
-120 14.0 15 6.6 20 3.9 20 3.3 30 6.2 15 4.2 30

-155 13.6 10 5.8 10 3.0 10 2.8 15 6.3 10 4.0 15
-196 9.3 S 5.5 5 2.9 5 2.4 5 4.2 5 3.7

"*Average of fhree Data Points

fransition fesoeratser * -aO0 0



TABLE V

AVERAGED* IMPACf DATA - CLASS 90 STEEL - TRANSVERSE

TEMP. F.S. 1/2 S 1/3 S 1/4 S 1/2 SD I/ SD
(OC r tNOVFIB3R0US

ENRG FIRCONTEU E F E F E F E F E F)(Ft-Lb) (%)

R.T. 34.8 100 14.6 100 8.8 100 7.5 100 19.4 100 12.1 100
- 40 32.9 100 14.3 100 8.9 100- 7.6 100 17.8 100 12.7 100

- 60 31.2 100 13.5 100 8.6 100 7.0 100 18.8 100
- 70 26.6 80 13.6 100 8.6 100 6.6 100 17.3 95

- 80 22.1 60 -13.2 90 8.1 100 6.6 95 14.5 90 12.7 100

- 90 7.9 100 6.5 90 11.6 65 10.4 95

-100 16.1 35 10.3 70 7.6 95 5.3 80 8.9 50 7.5 65

-120 12.8 15 8.4 40 7.0 80 4.8 50 8.0 20 6.8 40

-135 4.1 35
-155 7.8 S 6.0 10 5.8 50 3.0 10 4.2 10 3.0 5

-196 4.2 5 2.0 5 2.8 15 1.1 5 3.0 5 2.5 5

*Average of Three Data Points

fransition femperature a -6O0C

TABLE VI*

TEST RESULTS OF NICKEL STEEL - TRANSVERSE

TEMP. 2-S F.S. F.SW 1/ 2 SD -

ENERGY FIBROUS
(°C) Ft-Lb) CONTENT E F E F E F . . . .

23 78.4 100 41.9 100 20:1

- 20 39.0 100

- 40 77.9 100 37.7 95 20.5

- 50 71.2 90 30.2 80

- 60 55.3 60 24.7 55 19.8

- 70 48.3 40 22.9 40

80 26.7 20 14.5 20 18.8 12.5

- 90 12.1 16.3 8.7

-100 14.5 5 11.5 12.7 8.1

-110 7.8
-120 9.5 0 5.4 0 4.1

-155 4.7 3.2

fransition femperaturs e a -4o
"*Obtained frox investigation of Reference 3.
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TABLE VII

COMPARISON -THEORETICAL VERtSUS EXPERIMENTAL DATA

. [ (Id)K
e D+.d A.

Theo- Ekperi-
retical mental Allowable
Eorex Ergy EnerA Tolerance*

M-terial Size (F%-LY) (Ft-11') (Ft-Lb) K
•AISI-4340 H.T. 91 1/2 S 22.9 22.0 +0.9 *1.1

Full Size, Energy 1/3 S 12.6 13.0 -0.4 *1.0 21.6
70 Ft-Lb 1/4 S 11.5 12.0 -0.5 11.0

**AISI-4340 H.T. #2 1/2 S 14.7 14.7 0.01 *1.0
Full Size. Energy 1/3 S 8.9 9.0 -0.1 *1.0 21.6
= 37 Ft-Lb 1/4 S 7.4 8.0 -0.6 *1.0

"Cast Steel, Full 1/2 S 6.0 6.0 0.0 *1.0Size. Energy 1/3 s 4.0 4.0 0.0 *1.0 1212 Ft-Lb 1/4 S 3.0 3.0 0.0 +1.0
i 1/26 12.9 13.5 -0.6 *1.0

AISI-2340 1/3 S 8.1 8.0 +0.1 11.0Modified 1/4 S 6.5 7.0 -0.5 *1.0 21.6
S. En•:•y 1/2 SD 1..0 16.5 -1.5 *1.0
30 Ft- 1/3 SL 8.1 9.8 -1.7 +1.0

AISI- 3140 od. 1/2 S 12.6 12.0 +0.6 *1.0Full Size 1/3 S. 8.0 7.7 +0.2 +1.0Fu eSize 1/4 S 6.3 6.7 -0.4 ,1.0 21.627F- 1/2 SD 14.4 15.6 -1.2 *1.oS1/3 SL 8.0 8.0 0.0 *1.0
1/2 S 5.7 5.7 0.0 ,1.0
/AISI-4042 Mod.* 13 S 3.9 4.5 -0.8 *1.0Full Size

Fuell Se 1/4 S 2.9 3.0 -0.1. *1.0 12
110't-Lb 1/2 S•D 5.5 5.. 0.0 *1.0

1/3 SD 3.7 4.0 -0.3 *1.0

AISI-4140 1/2 S 10.9 11.7 -0.8 *1.0Full Size 1/3 S 6.2 7.5 -1.3 *1.0SSie 1/4 S 5.5 6.0 -0.5 *1.0 1231.75Ft-l 1/2 SD 15.7 20.9 -5.1 *1.0S1/3 S 10.5 12.0 -1.5 *1.0

Class 90 1/2-S 13.7 14.5 -0.8 *1.0
Steel 1/3 S 8.*5 8.7 -0.3 *1.0
Full Size 1/4 S 8.8 7.5 -0.6 *1.0 21.6Ener y2 1/2 S 16.d 17.8 -1.2 *1.033. 2j Ft-Lb 1/3 S 11.1 12.7 -1.6 *1.0

Ni-Steel 2 S 74.0 75.0 -1.0 k3.7F.S. Energy F.S• 29.3 30.5 -1,2 +1.5 2J.S
37 Ft-lb 1/2 SD 18.5 20.5 -2.0 *1.0

'AZ owable folerance
t5% over 20 ft-;b of henrgy
*1 f1•,b under 20 ft-lb of .n.rgy

*'*RdferAo 1.



ALL-NOTCH RADII 0.010"

SIZE DIMENSIONS (INCHES)

CROSS-SECTIONAL AREA A 8 C D

STANDARD F.S. 2.16 .3914 .3914 .079

HALF 1/2 S 2.16 .3914 .197 .039

THIRD 1/3 S 1.125 .3914 .131 .026

QUARTER 1/4 8 2.16 .197 .197 .039

DOUBLE 2 S 2.16 .788 .39,4 .079

HOIISTAHDARD F. Sw 2.16 .788 .197 .039

HALF 1/2 SD 2.16 .197 .394 .079

THIRD 1/3 SD 2.16 .131 .394 .079

THIRD 1/3 SL 2.16 .394 .131 .026

NINTH 1/9 S 1.125 .131 .131 .026

0208O: Subsc•i•ts denote equlvleett cross-sectlonal area wtft changes In di"e,s•ons.

FIGURE I
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I,

80

70 /
- .788" X .394 (DOUBLE SIZE)

60 JA[ A .3914" X .394" (FULL SIZE)
0 .197" X .394w" 1/2 SIZE)
* .788" X .197" (FULL SIZE)

- 50 -

S14O I

ui

30

20
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MACROPHOTO OF DEFORMATION DUE TO IMPACT

THIS SECTION FROM A V NOTCH CHARPY BAR CUT FROM A O.0-0C STEEL, WAS STRUCK A 30 FT-LB
BLOW AND ANNEALED FOR 45 HOURS AT 8500C TO PROMOTE ABNORMAL GRAIN GROWTH IN THE PLASTI-

CALLY DEFORMED AREAS. THE SPECIMEN WAS SUBSEQUENTLY SECTIONED, POLISHED, AND ETCHED, AND
SHOWS THE CENTRAL AREA WHERE LITTLE OR NO PLASTIC DEFORMATION HAS TAKEN PLACE.

"Mtn. 630-17,068 FIGURE 12
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